Direct magnetron sputtering of transition metal dichalcogenide targets is proposed as a new approach for depositing large-area two-dimensional layered materials. Bilayer to few-layer MoS 2 deposited by magnetron sputtering followed by post-deposition annealing shows superior area scalability over 20 cm 2 and layer-by-layer controllability. High crystallinity of layered MoS 2 was confirmed by Raman, photo-luminescence, and transmission electron microscopy analysis. The sputtering temperature and annealing ambience were found to play an important role in the film quality. The top-gate field-effect transistor by using the layered MoS 2 channel shows typical n-type characteristics with a current on/off ratio of approximately 10 4 . The relatively low mobility is attributed to the small grain size of 0.1-1 μm with a trap charge density in grain boundaries of the order of 10 13 cm -2 .
Introduction
Layered transition metal dichalcogenides (TMDs), MX 2 (M = Mo, W; X = S, Se, Te), are a new class of twodimensional (2D) materials with numerous unique physical properties, such as atomic-thick layers, thicknessdependent direct to indirect band-gap transition, excellent 2D carrier mobility, strong spin-orbit coupling for valley physics, etc [1, 2] . MoS 2 is one of the most researched 2D TMD materials. The high-performance MoS 2 field-effect transistor (FET) with electron mobility exceeding 200 cm 2 V -1 s -1 and a current on/off ratio of 10 8 has been demonstrated [3] . Various applications on electronic [4, 5] , optoelectronic [6] [7] [8] [9] , and sensor devices [10] are being widely studied. Despite the promising potential of MoS 2 and TMDs in general, lack of large-area synthesis techniques at wafer-or even panel-level remains one of the major obstacles for practical applications. Top-down techniques, such as mechanical or chemical exfoliation [11] [12] [13] and laser thinning [14] , produced high-quality flakes for researching the fundamental properties of MoS 2 , but are not scalable to large areas with necessary layer-by-layer controllability. By contrast, bottom-up chemical vapor deposition (CVD) [15] [16] [17] [18] [19] [20] [21] [22] [23] by sulphurizing Mo metal or precursors, such as molybdenum trioxide (MoO 3 ), provides better layer-control ability at large areas. Two prevalent CVD techniques have been reported. The gas-phase reaction between MoO 3 and sulfur vapors from solid sources often produced high-quality, large-grain triangular MoS 2 flakes [18] . The precise controllability from continuous monolayer to few layers remains challenging. An alternative approach was to evaporate a thin Mo metal layer on substrates, followed by post sulfurization in sulfur-contained ambience [15, [20] [21] [22] [23] . This method produced large-area, continuous few-layer MoS 2 , but the film quality was inferior to that obtained by the gas-reaction method. Additionally, extremely fine control on the Mo thickness down to atomic level is required. A previous study had shown that a Mo layer of 0.25 nm produced one MoS 2 layer after sulfurization [21] .
Magnetron sputtering is widely used to produce uniform, large-area, and high-quality thin films for industrial coating, integrated circuits, and flat-panel displays. This study reports a new approach for depositing large-area, few-layer MoS 2 by using magnetron sputtering of a MoS 2 target. Sputtered MoS 2 films with a thickness larger than 100 nm have been used as a solid lubricant material for space and bearing applications, and exhibit a lamellar hexagonal structure with basal (002) planes perpendicular to the substrate [24, 25] . By contrast, sputtering thin MoS 2 followed by post deposition annealing produced high-quality 2D bilayer to fewlayer MoS 2 in this study. We investigated its optical, physical, and electrical properties and discussed critical process parameters affecting the film quality. This method provides superior area scalability and layer-by-layer controllability not easily achieved in the gas-reaction CVD method, and also relaxes the strict thickness requirement of the thin Mo metal in the Mo sulfurization method. Additionally, because of the nature of physical vapor deposition in the sputtering process, this method is not restricted by the process and precursor design (ex. melting/reaction temperature, vapor pressure, turbulent flow, gas or surface reaction, etc) as in the CVD methods, and thus has the potential to be the general method for depositing 2D TMDs beyond MoS 2 by using commercially available sputter targets.
Experimental details
A high-vacuum DC magnetron sputtering system with a base pressure of 10 −8 Torr and substrate heating was utilized for the MoS 2 thin-film deposition by using a commercial MoS 2 target (99.9% purity; UMAT) made by hot pressing. After a pre-sputtering process, a 2 inch c-plane sapphire substrate was transferred from a load-lock chamber to the main deposition chamber. MoS 2 was deposited at 400°C using an Ar flow of 20 sccm, a working pressure of 10 mTorr, and DC power of 50 Watt. After a stable sputtering rate (approximately 0.1 nm s
) was established, various thicknesses of MoS 2 thin films on the substrate were controlled by opening the deposition shutter from 10 to 40 s. The as-deposited MoS 2 thin films were cut into pieces and annealed in the zone center of a 1 inch sulfurization tube with sulfide powder (99.9% purity; SIGMA-ALDRICH) placed at the upstream. The tube was kept at a constant pressure of 160 Torr in Ar, and the tube zone center was heated up at the rate of 20°C min −1 from room temperature to 1000°C. The sulfide power was heated to 150°C using a separate heater. The samples were annealed at 1000°C for 30 min and then cooled down to room temperature naturally. The surface morphology was examined using atomic force microscope (AFM) (NT-MDT Solver P47) with a scanning rate of 0.8031 Hz and 512 scanning lines. The nanostructure of the plan view and cross-sectional view of MoS 2 thin film was studied using high-resolution transmission electron microscopy (HRTEM) (plan view: JEOL TEM-2100F/EDS; cross-sectional view: FIB-FEI Nova600, TEM-FEI Tecnai G2 F20). To prepare the sample for the plan-view HRTEM, the MoS 2 thin film was coated with a PMMA (950 PMMA A4, MICROCHEM) layer using a spin coater with 3000 rpm for 60 s. After baking at 100°C for 15 min, the sample was immersed into a hot NaOH solution of 0.5 M at 100°C for 120 min. Then the MoS 2 thin film with the PMMA coating was gently peeled off from the sapphire substrate in DI water, and transferred to a lacey carbon film on mesh copper grids. Finally, the PMMA was removed by acetone and the sample was cleaned by DI water. The chemical composition was determined by x-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific Theta Probe, Al Kα x-ray source). The lattice vibration mode and optical bandgap were measured by Raman and photo-luminescence (PL) spectra using a laser source with a wavelength of 532 nm (Finder Vista, Zolix Instruments co. ltd). The device characteristics were measured by the HP-4156B semiconductor parameter analyzer.
Results and discussion
The Raman and PL spectra of the few-layer MoS 2 films are shown in figures 1(a) and (b). The number of MoS 2 layers can be controlled by the sputtering time from 10 to 40 s. The Raman peaks of the E 2g 1 and A 1g modes shifted gradually in the opposite directions with longer sputtering times. The A 1g -E 2g 1 peak differences were 21.1 cm , respectively, for the samples of 10 s, 20 s, 30 s, and 40 s, which we correlates to bilayer, trilayer, five-layer, and bulk MoS 2 [1, 23, 26] . The PL spectra peaked at a wavelength of 660 nm (1.88 eV) and the intensity reduced with increasing the number of MoS 2 layers because of the direct to indirect bandgap transition. Figure 1(c) shows the mapping results of the Raman A 1g -E 2g 1 peak difference of the bilayer sample in an area of 10 × 10 μm 2 . Although the film was generally with a bilayer structure, the visible contrast difference might indicate existence of individual domains or grains developed from different nucleation sites. We estimated the grain size was 0.1-1 μm 2 , which is still significantly smaller than the high-quality MoS 2 obtained by the gas-phase reaction method [18] , but similar or slightly larger than that obtained by sulphurizing Mo metal [20] [21] [22] . The surface morphology was examined using AFM in figure 1(d) . The surface was fairly smooth and continuous over an area of 1 × 1 μm 2 except for some sparse dot islands, which was attributed to the condensation of sulfide particles [20] .
The atomic structure of the bilayer MoS 2 was investigated using HRTEM. The cross-sectional image in figure 2(a) reveals a two-layer stacking with a film thickness of 1.4 nm, which is consistent with the value for bilayer MoS 2 [3, 16, 19] . The plan-view image in figures 2(b) and (c) confirms the hexagonal lattice structure of 2D MoS 2 with lattice spacing of 0.27 nm and 0.16 nm for (100) and (110) planes, respectively [16, 19] . The lack of any periodic Moiré patterns suggests that the two MoS 2 layers were oriented stacked. The selective area electron diffraction (SAED) with a beam size of 135 nm in diameter also shows a single set of six-fold symmetry of diffraction patterns, which supports that the grain size of MoS 2 thin films is larger than 100 nm.
Here we further discuss the critical processes for depositing high-quality few-layer MoS 2 by sputtering. The substrate heating temperature during sputtering affected the film quality. The sample deposited at 400°C showed the strongest Raman and PL signals (see figure S1 in supplementary information for details). Although the root cause is still under investigation, we suspect the substrate temperature affects the formation of the initial nucleation sites, and thus the film quality. The crystallinity of MoS 2 was greatly enhanced after post annealing (see figure S2 in supplementary information for details) . Figures 3(a) and (b) shows the XPS binding energies for Mo 3d and S 2p in both as-deposited and sulfurized MoS 2 . The MoO 3 phase at the peaks of 237-227 eV and the amorphous sulfur at the peaks of 166-161 eV were found in the as-deposited sample. By contrast, the hightemperature annealing facilitates the formation of the characteristic Mo-S binding energies for MoS 2 [19, 21] 2 were measured in the sample annealed in pure Ar (see figure S3 in supplementary information for details) . The apparent color change from semitransparent to fully transparent in a few minutes suggests that the film was completely decomposed in the sulfur-deficient ambience at high temperature. We attribute this to the decomposition of amorphous sulfur in as-deposited MoS 2 because of the high sulfur saturation vapor pressure [27] . ) were enhanced after sulfurization.
To explore the potential for the large-area and uniform growth of MoS 2 films, as-deposited MoS 2 on two sapphire substrates, each was approximately 2 × 5 cm 2 , were placed into the sulfurization tube simultaneously. The Raman and PL spectra were measured on 30 different sites as labeled in figure 4(a) to verify the large-area film uniformity. Figure 4(b) shows that the A 1g -E 2g 1 Raman peak difference ranged from 19 to 22 cm −1 on these sites, suggesting a uniform bilayer MoS 2 film over a fairly large area. Strong PL signals also confirm the high crystallinity of MoS 2 . The thickness and quality of MoS 2 were relatively insensitive to its position in an area of 20 cm 2 regardless of the limited control on the temperature uniformity and turbulent flow in the crude one-inch sulfurization tube. Therefore, we expect this simple MoS 2 deposition technique can be easily scaled up for largearea electronic or optoelectronic applications.
Top-gate FETs with bilayer and five-layer MoS 2 channels were fabricated to evaluate their electrical characteristics using conventional photolithography. Ti/Ni of 5 nm/20 nm, HfO 2 of 30 nm by atomic layer deposition, Ni of 100 nm were used as the source/drain contact metal, gate dielectric, and gate metal, respectively. The devices in figure 5 show typical n-type transfer characteristics with a current on/off ratio of approximately The mobility is relatively low compared with the high-quality MoS 2 deposited by the gas-phase reaction method, but are comparable with those MoS 2 synthesized by sulphurizing Mo metal [15, 21, 22] . This is consistent with the aforementioned Raman mapping result, showing the relatively small grain size when compared with that obtained by the gas-phase reaction method. There exist several MoS 2 grains in our FET devices with an area of thousands of μm 2 . The grain boundaries containing a high density of defects are known to cause additional carrier scattering, which degrades mobility [18, 28] . The improved mobility and the increase of both on-and off-state currents by increasing the number of MoS 2 layers can be attributed to the reduced Schottky barrier height at the contacts because of the bandgap narrowing and the additional electron conducting channels provided by multilayer MoS 2 [29, 30] . Furthermore, the extracted subthreshold swings (SSs) were 220 mV/decade and 1420 mV/decade for the bilayer and five-layer MoS 2 , respectively. To explain the SS degradation in thicker MoS 2 , we adopted the conventional model widely used in thin-film transistors with a high number of grain boundaries [26, 31] . The grain boundaries can trap or detrap carriers depending on the bias conditions, thus affecting the SS. The trap charge density N trap can be estimated by: 
Conclusion
We report an area-scalable method for depositing high-quality 2D MoS 2 by using magnetron DC sputtering of a MoS 2 target followed by post-deposition annealing. This technique demonstrates excellent thickness controllability to as thin as bilayer and homogeneous film growth over an area of 20 cm . Although future research is needed to optimize the process for enlarging the grain size, the proposed method has the potential to be a general approach for synthesizing large-area 2D TMDs beyond MoS 2 by using commercially available sputter targets. Furthermore, numerous intriguing opportunities on material engineering, such as impurity doping [32] [33] [34] or ternary TMD [35] , can be readily explored by using substoichiometric or composite TMD targets.
